Introduction {#s0001}
============

Curcumin \[1,7-*bis*(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione\] is a naturally occurring compound extracted from the roots of *Curcuma longa* L. (Zingiberaceae). Curcumin exhibits multiple pharmacological activities including antioxidant, anticarcinogenic and anti-inflammatory in different models of rodents. In an *in vivo* study, curcumin improves outcomes and attenuates focal cerebral ischemic injury by decreasing the expression of apoptotic genes in rats (Zhao et al. [@CIT0023]). In addition, curcumin improves motor function by inhibiting apoptosis and neuronal loss after spinal cord injury in rats. Several investigators have provided evidence suggesting protective effects of curcumin against diverse cardiovascular pathological states leading towards heart failure (Morimoto et al. [@CIT0018]; Ahuja et al. [@CIT0001]; Kumphune et al. [@CIT0014]).

Cardiac ischemia is one of the most important diseases in developed countries. Cell injury during ischemia and posterior reperfusion may be mediated by oxidative stress and calcium overload, leading to necrosis and/or apoptosis and impairment of cardiac function. The pathogenesis of injury in myocardial ischemia has many mechanisms. The anatomic changes and the distinctions of biochemical markers for ischemic myocardial cell injury and death have been well characterized. The cardiac dysfunction is generated in myocardial ischemia, and the loss of energy substrates in myocardial ischemia leads to the generation of reactive oxygen species (ROS) (Levraut et al. [@CIT0016]); the high levels of ROS are detrimental (Kloner et al. [@CIT0013]) and can induce a variety of cardiomyocyte abnormalities (Mahmoud & El Bassossy [@CIT0017]).

Several studies have demonstrated that the Janus kinase 2 (JAK2)/STAT3 signalling pathway is significant in mediating an inflammatory response (Kim et al. [@CIT0012]; Cho et al. [@CIT0006]; Guo et al. [@CIT0008]). STAT3 is positioned downstream of JAK2 and can be activated via the phosphorylation of serine (Ser) 727 and tyrosine (Tyr) 705. Once activated, STAT3 is translocated into the nucleus to regulate target genes.

Our present study assesses whether pre-treatment with curcumin produces cardioprotective effects in the rats model of acute myocardial ischemia.

Materials and methods {#s0002}
=====================

Materials {#s0003}
---------

Curcumin (98%) was purchased from Puruifa Company (Chendu, China).

We purchased primary antibodies anti-JAK2, anti-P-JAK2, anti-STAT3 and anti-P-STAT3 from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-Bcl2 and anti-Bax were from Cell Signaling Technology (Beverly, MA).

Animals and grouping {#s0004}
--------------------

Fifty male Sprague--Dawley (SD) rats (200--250 g, 8-weeks-old) were purchased from the Animal Experiment Center of Shanghai Jiao Tong University, China. The animals were maintained in a temperature-controlled room at 20--23 °C, with a relative humidity of 40--50% and a 12 h light/dark cycle and allowed free access to food and water. All animal care and experimental procedures were in accordance with the guidelines of the NIH (National Institutes of Health) and approved by the Institutional Animal Care and Use Committee at Shanghai Jiao Tong University.

Rats were anesthetized by intraperitoneal injection of ketamine hydrochloride (90 mg/kg) and xylazine hydrochloride (10 mg/kg), and ventilated with room air using a rodent ventilator with the body temperature maintained between 36 °C and 37 °C using a heating pad. Rats were divided into five groups: (1) sham control group; (2) ischemic reperfusion (IR) group; (3) IR + curcumin (10 mg/kg/d) group; (4) IR + curcumin (20 mg/kg/d) group and (5) IR + curcumin (30 mg/kg/d) group. In sham and IR control groups, rats (10 rats in each group) were given saline by oral gavage for 15 d before IR operation. In curcumin treatment groups, rats were administered with curcumin (10, 20 or 30 mg/kg/d) by oral gavage for 20 d before IR operation.

Cardiac ischemia-reperfusion (myocardial infarction) {#s0005}
----------------------------------------------------

Rats were subjected to a 60-min coronary artery occlusion followed by 3 h of reperfusion. The snare encircling the coronary artery was used for occlusion by pulling up on the suture and clamping it with a plastic tube. Coronary artery reperfusion was restored by releasing the clamp. The sham groups were not exposed to ischemia-reperfusion, but to a time-matched normal perfusion. Echocardiography was performed as previously described, with a Hewlett-Packard echocardiography system SONOS 2000 with a 3.5/2.7 MHz transducer, and recorded.

For left ventricular (LV) pressure recordings, a water-filled small latex balloon by polythene cannula was inserted through left atrium into the left ventricle and connected to the pressure transducer (model 1050BP; Biopac System, Goleta, CA) for the LV systolic and diastolic pressure measurements. The LV developed pressure (LVDP) was the difference between systolic and diastolic pressures. The LV end-diastolic pressure (LVEDP) was adjusted to 10 mmHg at the beginning of the experiment and the LV pressures were differentiated to estimate the maximum rate of pressure development (+dP/dt~max~) and the maximum rate of LV pressure decay (−dP/dt~max~) with Acknowledge 3.71 software for Windows (Biopac System).

Antioxidant enzymes analysis {#s0006}
----------------------------

Analysis of tissue malondialdehyde (MDA) level as an indicator of lipid peroxidation was performed by the spectrophotometry method. This method was used to obtain a spectrophotometric measurement of the colour produced during the reaction to thiobarbituric acid with MDA at 535 nm. The MDA level is expressed as nmol/g-tissue protein.

SOD (Superoxide dismutases) activity was determined by its ability to increase the riboflavin-sensitized photooxidation of *o*-dianisidine (Mylorie et al. [@CIT0020]). GSH-Px (glutathione peroxidase) activity was measured using the method of Lawrence and Burk ([@CIT0015]).

The activity of catalase (CAT) was measured. The principle of this method is that dichromate in acetic acid is reduced to chromic acid, when heated in the presence of H~2~O~2~, with the formation of perchloric acid as an unstable intermediate; the chromic acetate thus produced is measured at 570 nm.

Glutathione reductase (GR) which utilizes NADPH to convert oxidized glutathione to the reduced glutathione was assayed.

Evaluation of myocardial infarction and injury {#s0007}
----------------------------------------------

After 60 min of myocardial ischemia and 180 min of reperfusion, hearts were immediately removed, cleaned of blood with physiological saline via the aorta, injected with 1% TTC (triphenyltetrazolium chloride) until they became red, and snap frozen in liquid nitrogen for 20 min. Subsequently, the hearts were cut into cross-sectional pieces and fixed in 10% formaldehyde for 12 h. The TTC-stained sections were photographed. The percentage of infarct size is determined by weight.

Estimation of myocardial injury markers {#s0008}
---------------------------------------

The prepared serum samples were used for the determination of cardiac marker enzymes creatinine kinase-MB (CK-MB), lactate dehydrogenase (LDH), Ca^2+^-ATPase and Na^+^-K^+^-ATPase using commercially available standard kits (Shanghai Haoran Bioengineering Inc., Shanghai, China) by RT-9600 Semi-automatic Biochemical Analyzer. All measurements were performed according to the kits manufacturers' instructions.

Western blot analysis {#s0009}
---------------------

The heart tissue was chopped into pieces and homogenized in ice-cold RIPA (Radio Immunoprecipitation Assay) buffer (0.1% phenylmethylsulfonyl fluoride), containing protease inhibitor (complete Cocktail tablets, Roche Applied Science, Mannheim, Germany). The supernatant was collected after centrifugation at 12,000 rpm for 20 min. The protein concentration was determined by using the BCA (bicinchoninic acid) protein assay kit. Protein extracts were loaded and separated by an SDS (sodium dodecyl sulfate)-polyacrylamide gel electrophoresis, and the resolved proteins were transferred onto PVDF (polyvinyl difluoride) membranes. The membranes were blocked with 5% skim milk in Tris buffer saline and incubated at 4 °C overnight with separate primary antibodies, anti-Caspase-3 (1:1000), anti-Bax (1:1000), anti-Bcl-2 (1:1000), anti-JAK2 (1:500), anti-p-JAK2 (1:500), anti-STAT3 (1:1000), anti-p-STAT3 (1:1000) and anti-β-actin (1:1000). After washing three times with Tris-buffered saline-Tween-20, the membranes were incubated with secondary antibody (1:12,000) for 1.5 h at room temperature. The bands were visualized by using enhanced chemiluminescence detection reagents (Dizhao, Nanjing, China) and a gel imaging system. Densitometric analysis of Western blot bands was densitometrically analyzed by Image J software (National Institutes of Health, Bethesda, MD).

Statistical analysis {#s0010}
--------------------

Data were expressed as mean ± SD and were analyzed using one-way ANOVA followed by the Bonferroni multiple comparison methods. Results with *p* \< 0.05 were considered to be statistically significant. All statistical analyses were performed using the SPSS version 20.0 (Chicago, IL).

Results {#s0011}
=======

Curcumin improved post-ischemic heart systolic and diastolic functions. As shown in [Table 1](#t0001){ref-type="table"}, myocardium ischemia-reperfusion (MIR) rats showed a significant increase in LVDP, LVEDP, +dp/dt~max~ and − dp/dt~min~ values compared to sham group. Treatment of MIR rats with curcumin at 10, 20 or 30 mg/kg/d increased the LVDP, LVEDP, +dp/dt~max~ and − dp/dt~min~ values. These results suggest that structure restoration in the ischemic heart ([Table 1](#t0001){ref-type="table"}) was translated into cardiac function improvements. Thus, curcumin could improve cardiac contractibility, attenuate hypercontraction and reduce diastolic pressure, which is believed to be a major reason for increased O~2~ demand.

###### 

Effect of curcumin on myocardium LVDP, LVEDP, +dp/dt~max~ and − dp/dt~min~ values.

  Group   LVDP (mmHg)       LVEDP (mmHg)          +dp/dt~max~ (mmHg/s)   −dp/dt~min~ (mmHg/s)
  ------- ----------------- --------------------- ---------------------- ----------------------
  1       98.36 ± 8.57      1727.43 ± 15.37       1802.35 ± 157.23       1326.05 ± 100.35
  2       61.52 ± 5.92^b^   1043.26 ± 98.56^b^    1236.26 ± 118.36^b^    862.59 ± 56.03^b^
  3       74.25 ± 6.94^d^   1291.05 ± 113.03^d^   1369.25 ± 105.73^d^    969.32 ± 87.49^d^
  4       81.93 ± 8.33^d^   1481.33 ± 122.49^d^   1527.05 ± 144.29^d^    1149.01 ± 94.26^d^
  5       92.49 ± 8.47^d^   1622.13 ± 170.34^d^   1783.26 ± 152.05^d^    1315.26 ± 128.39^d^

^b^*p* \< 0.01, compared with group 1; ^d^*p* \< 0.01, compared with group 2.

The myocardium antioxidant enzymes ([Tables 2](#t0002){ref-type="table"} and [3](#t0003){ref-type="table"}) demonstrated insignificant changes following the treatment of MIR rats with 10, 20 or 30 mg/kg/d of curcumin. Compared with sham group, MIR rats demonstrated a significant increase in MDA content, while that of antioxidant enzyme activities (SOD, CAT, GPx and GR) was significantly decreased. Treatment of MIR rats with curcumin at 10, 20 or 30 mg/kg/d enhanced the antioxidant enzymes activities. Treatment with curcumin at 30 mg/kg b.wt. showed better amelioration.

###### 

Effect of curcumin on myocardium MDA levels.

  Group   MDA
  ------- ----------------
  1       1.34 ± 0.12
  2       5.39 ± 0.44^b^
  3       3.72 ± 0.41^d^
  4       2.42 ± 0.18^d^
  5       1.05 ± 0.11^d^

^b^*p* \< 0.01, compared with group 1; ^d^*p* \< 0.01, compared with group 2.

###### 

Effect of curcumin on myocardium SOD, CAT, GPx and GR activities.

  Group   SOD                 CAT               GPx               GR
  ------- ------------------- ----------------- ----------------- -----------------
  1       153.85 ± 13.67      47.23 ± 3.79      67.39 ± 5.55      51.42 ± 4.93
  2       48.38 ± 5.03^b^     13.69 ± 1.72^b^   23.29 ± 2.03^b^   15.83 ± 1.33^b^
  3       94.14 ± 8.88^d^     22.15 ± 2.61^d^   44.37 ± 3.84^d^   39.25 ± 3.55^d^
  4       132.5 ± 11.39^d^    38.93 ± 3.06^d^   52.92 ± 4.93^d^   44.28 ± 4.15^d^
  5       144.57 ± 15.62^d^   41.62 ± 3.77^d^   61.36 ± 5.52^d^   53.07 ± 4.91^d^

^b^*p* \< 0.01, compared with group 1; ^d^*p* \< 0.01, compared with group 2.

Compared with sham group, MIR rats demonstrated a significant increase in LDH and CK activities, while those of Ca^2+^-ATPase and Na^+^-K^+^-ATPase were significantly decreased ([Table 4](#t0004){ref-type="table"}). Treatment of MIR rats with curcumin at 10, 20 or 30 mg/kg/d reduced the elevated LDH and CK activities. On the other hand, curcumin administration increased Ca^2+^-ATPase and Na^+^-K^+^-ATPase activities.

###### 

Effect of curcumin on myocardium LDH, CK-MB, Ca^2+^-ATPase and Na^+^-K^+^-ATPase activities.

  Group   LDH (U/mg protein)   CK (U/mg protein)   Ca^2+^-ATPase (μmol·mg protein^−1^·h^−1^)   Na^+^-K^+^-ATPase (μmol·mg protein^−1^·h^−1^)
  ------- -------------------- ------------------- ------------------------------------------- -----------------------------------------------
  1       1.48 ± 0.13          2.29 ± 0.25         1.65 ± 0.14                                 3.28 ± 0.25
  2       6.28 ± 0.49^b^       7.49 ± 0.61^b^      0.59 ± 0.05^b^                              1.27 ± 0.14^b^
  3       4.02 ± 0.35^d^       5.27 ± 0.48^d^      0.87 ± 0.07^c^                              2.06 ± 0.19^d^
  4       3.16 ± 0.28^d^       4.11 ± 0.37^d^      1.21 ± 0.11^d^                              2.66 ± 0.23^d^
  5       2.69 ± 0.23^d^       3.52 ± 0.31^d^      1.41 ± 0.13^d^                              2.95 ± 0.25^d^

^b^*p* \< 0.01, compared with group 1; ^c^*p* \< 0.05, ^d^*p* \< 0.01, compared with group 2.

The percentage of infarct size in MIR rats with curcumin at 10, 20 or 30 mg/kg/d decreased by 5.81% and 13.06% compared to IR ([Figure 1](#F0001){ref-type="fig"}).

![Effect of curcumin on myocardium infarction size. ^b^*p* \< 0.01, compared with group 1; ^d^*p* \< 0.01, compared with group 2.](IPHB_A_1214741_F0001_C){#F0001}

MIR significantly increased the myocardial expression of Bax, and Caspases-3 proteins and decreased the Bcl2 expression when compared to sham control rats. Curcumin pretreatment (10, 20 or 30 mg/kg/d) effectively reduced the myocardial expression of Bax and Caspase-3, and increased the Bcl2 level ([Figure 2](#F0002){ref-type="fig"}).

![Effect of curcumin on myocardium Caspase-3, Bax and Bcl-2 protein expression. ^b^*p* \< 0.01, compared with group 1; ^d^*p* \< 0.01, compared with group 2.](IPHB_A_1214741_F0002_C){#F0002}

As shown in [Figure 3](#F0003){ref-type="fig"}, the phosphorylations of JAK2 and STAT3 were increased obviously after MIR compared to sham control group. In addition, the enhanced phosphorylation of STAT3 but not STAT1 was further strengthened by curcumin (10, 20 or 30 mg/kg/d) in a dose-dependent manner. By contrast, total JAK2 and STAT3 proteins expression did not obviously vary between groups.

![Effect of curcumin on myocardium JAK2, p-JAK2, STAT3 and p-STAT3 protein expression. ^b^*p* \< 0.01, compared with group 1; ^d^*p* \< 0.01, compared with group 2.](IPHB_A_1214741_F0003_C){#F0003}

Discussion {#s0012}
==========

Curcumin improved post-ischemic heart systolic and diastolic functions. Treatment of MIR rats with curcumin at 10, 20 or 30 mg kg^−1^ d^−1^ increased the LVDP, LVEDP, +dp/dt~max~ and − dp/dt~min~ values. These results suggest that curcumin could improve cardiac contractibility, attenuate hypercontraction and reduce diastolic pressure, which is believed to be a major reason for increased O^2^ demand.

Oxidative stress is a well-recognized factor of ischemia-reperfusion injury. It induces damage of lipids and proteins, and consequently might cause changes in the activity of transport systems (Murin et al. [@CIT0019]). Strategies that target oxidative stress have been developed for the treatment of MI (Hu et al. [@CIT0010]). Accordingly, we evaluated oxidative stress in rats treated with curcumin. Results revealed that different concentrations of curcumin attenuated MI-induced oxidative stress, as characterized by reduced ROS. These changes were dose-dependent and were the most pronounced in 30 mg/kg curcumin group.

Results indicated 10, 20 and 30 mg/kg curcumin following MI could inhibit myocyte apoptosis significantly. Therefore, this might be one of the mechanisms underlying the cardioprotective effects of curcumin. This could be ascribed to the protective effects against oxidative stress reported in the current study.

As important indicators of myocardial damage, the serum levels of LDH, CK-MB, Ca^2+^-ATPase and Na^+^-K^+^-ATPase, which are enzymes that are released from myocardial cells after ischemic injury, were monitored in all of the groups. The results further characterized and confirmed the cardioprotective effects of curcumin on cardiac myocytes *in vivo*, i.e. the decrease of the myocardium enzymes LDH, CK-MB and increase of myocardium Ca^2+^-ATPase and Na^+^-K^+^-ATPase, which are typical biomarkers of myocardial cell injury or death.

Caspase-3 is a key terminal molecular regulated apoptosis in cellular apoptosis pathways. Bcl-2 is essential to the process of apoptosis because it suppresses the initiation of the cell death process; moreover, Bax gene is the first identified pro-apoptotic member of the Bcl-2 protein family (Cory et al. [@CIT0007]). In this study, the expression changes of Bcl-2 and Bax induced by curcumin treatment showed a signalling mechanism of antiapoptotic effect of curcumin. In this study, we showed that curcumin intake attenuates myocardial injury by inhibiting intrinsic apoptotic cascades in MIR rats. Curcumin pretreatment reduced Bcl-2/Bax ratio, inhibited procaspase-3 activation to cleaved caspase-3, and blocked DNA nick generation, all of which are steps involved in the intrinsic apoptotic cascades (Webster [@CIT0022]; Oerlemans et al. [@CIT0021]).

In the study, we focused on the potential role of JAK2--STAT3 pathway in curcumin-induced protection. This is because inactivation of STAT3 or deletion of STAT3 appears to be a key event in the diminution of cardioprotection in response to various physiological stresses including I/R (Boengler et al. [@CIT0004]; Barry et al. [@CIT0002]; Bolli et al. [@CIT0005]). Moreover, it has been shown that mice with a cardiomyocyte-restricted deletion of STAT3 develop spontaneous heart failure in response to stress (Jacoby et al. [@CIT0011]; Hilfiker-Kleiner et al. [@CIT0009]; Boengler et al. [@CIT0003]).

Taken together, the current findings demonstrate that curcumin exerts antioxidative and antiapoptotic effects on MI, which lead to the improved myocardial function and attenuated heart damage. Our results show that curcumin induced phosphorylation of JAK2 and STAT3, with upregulation of the myocardium Bcl-2/Bax expression and inactivation of caspase-3. These studies provide novel mechanistic insights into curcumin-induced cardioprotection, which may help in expanding the therapeutic utility of this drug in limiting myocardial infarction and apoptosis following I/R injury, in addition to its current use in drug-eluting stents to reduce coronary restenosis.
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